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DISCLAIMER 
 
This report was prepared as an account of work sponsored by an agency of the 
United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or any 
third party’s use or the results of such use of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service 
by trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof or its contractors or subcontractors.  
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof.  
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Introduction 
The injectors for the Capstone turbine have the general design shown in 
figure 1 below [1]. It consists of an airblast atomizer with a cylindrical fuel nozzle 
and an annular air passage surrounding it. The airblast atomizer is surrounded by 
a ‘mixing tube’ with circular holes just downstream of the atomizer outlet and 
swirler holes further downstream. During operation, these holes bring ‘hot’ 
air/gases to help vaporize and provide premixed fuel and air for combustion 
downstream of the ‘mixing’ tube. 
 
 
 
Figure 1. Picture of the Capstone Nozzle 
 
It was initially intended to test the injector in the spray facility at BNL. 
The mixing tube was enclosed with inlet for the mixing and swirler airs and an 
attempt was made to measure the atomization characteristics. However, it became 
obvious that the spray geometry from the airblast atomizer was such that droplets 
were hitting the wall of the mixing tube and a portion was dripping from the 
vertical injector. This could not be avoided by almost any combination of fuel and 
air flows. In consultation with Capstone, it was decided to cut off the mixing tube 
from one of the injectors and proceed with testing the airblast atomizer by itself. 
The results compiled below are thus representative of what the drop size 
distributions are in the sprays as they emerge from the atomizer without any 
changes due to the air flows from the mixing tube. 
The atomizer was set up vertically above an enclosure with openings to 
allow the laser incident and diffracted beams clear access. This enclosure sits 
above a collecting drum and there is a small vertical downward current of air 
maintained in the enclosure. The set up including part of the Malvern System 
2600 spray analyzer is shown in figure 2 below. 
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Figure 2. Malvern System 2600 Facility 
 
The ‘fuels’ are delivered to the atomizer by a small solenoid pump with 
valves to regulate pressure and hence flow rate. The flow rate is measured by 
timing the weight change of the reservoir sitting on a scale. The laboratory air 
supply is connected to the atomizer through a pressure regulator and a rotameter 
to measure the flow rate of atomizing air. The data is acquired by the Malvern 
system using their so-called ‘model independent’ model. This helps to identify 
any potential ‘bi-modal’ distributions as will be noted below. 
Four ‘fuels’ were tested. Water was used to establish the protocol and also 
gave a high surface tension fluid for the tests. This was felt to be important to 
check the correlation used, as there was not much difference between the surface 
tensions of the ASTM #2 oil and the biodiesel used for the blends. After the water 
tests, the #2 oil, B100 or neat biodiesel and a B50 blend were tested. The spray 
measurements were taken at two fuel flow rates that correspond to the low and 
high flow rates for the nozzle in the turbine. For each fuel flow rate, the air flow 
rate was varied over a range so that drop sizes could be measured over a range of 
atomizing air to fuel ratios. 
 
Results and discussion 
 The test results are presented primarily as a series of graphs to highlight 
the differences, if any, between the different fuels. The Lefebvre correlation [1, 2] 
was tested against the data using physical data from the literature [3] and the 
dimensions for the nozzle exit diameters. The physical data, given in Table 1 
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below, for the fuels and blends and the nozzle dimensions were used in the 
correlation calculations.  
 
Table 1. 
 
Fuel Surface Tension, 
mN/M 
Viscosity, 
mPaS 
Density, Kg/M3 
Water 72 1.0 1000 
#2 fuel 23 3.5 855 
B100 28 5.5 880 
B50 25.5 4.5 867.5 
 
 
 Figure 3 below is a compilation of the volume mean diameter, D43, data 
for the four fuels at the low flow rate presented for a range of air to fuel ratios. It 
is seen that, as expected, the diameter reduces with increase atomizing air to fuel 
flow ratio. More importantly, it seems that the mean diameters are nearly the 
same at the same air to fuel ratio for all the liquids, suggesting that the variation in 
physical properties is not very significant in determining the volume mean 
diameter. 
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Figure 3. Volume Mean Diameter at Low Fuel Flow Rate 
  
Figure 4 below gives the data on the Sauter mean diameter, D32, for the 
same conditions. In this case, the diameters for the water, neglecting the outliers 
for now, seem to be a little bit higher than for the other liquids which all have 
about the same surface tension. This suggests that the surface tension may be 
somewhat significant in determining the Sauter mean diameter.  
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D32 at Low Flow Rates Compared for Different Fuels
0.00
5.00
10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
0.30 0.50 0.70 0.90
Air to Fuel Ratio
D
32
, M
ic
ro
ns Water 
B 50
B 100
Fuel Oil
 
Figure 4. Sauter Mean Diameter at Low Fuel Flow Rate 
 
 Figures 5 and 6 below compare similar data for the four liquids at the high 
flow rates for the nozzle. It seems that, unlike at the low flow rate, the differences 
between the fuels are less for both the volume mean and Sauter mean diameters.  
 
Figure 5. Volume Mean Diameter at High Fuel Flow Rate 
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D32 at High Flow Rates Compared for Different Fuels
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Figure 6. Sauter Mean Diameter at High Flow Rate 
 
 There are a number of empirical correlations that have been proposed for 
twin-fluid atomizers. The Lefebvre correlation [1,2] for the Sauter mean diameter, 
which is evaluated for comparison with the experimental data below, is as 
follows: 
 
D32/D=0.48[/U2D]0.4 [1+1/ALR]0.4 + 0.15[l
2/lD]
0.5 [1+1/ALR]        (1)  
 
Where 
 is the surface tension of the liquid being atomized, 
 is the air density, 
U is the relative velocity between the air and the liquid, 
D is the diameter of the liquid outlet orifice, 
ALR is the ratio of the atomizing air to liquid flow rates, 
l is the liquid viscosity, and 
l is the liquid density. 
 
Figures 7 and 8 below compare the two mean diameters against the 
correlation above for D32, the Sauter mean diameter. It would seem that the 
correlation tracks more closely D43, the volume mean diameter rather than D32 
with the parameters used here. Small changes in values for the physical 
parameters do not make a very significant difference. A sizable change in the 
‘reference’ diameter D could make the correlation track the data for D32 better. 
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Comparison with correlation for B100 High Flow
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Figure 7. Comparison of B100 High Flow Data with Correlation 
 
 
Comparison with Correlation for B100 Low Flow
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Figure 8. Comparison of B100 Low Flow Data with Correlation 
 
Figures 9 and 10 below show corresponding comparisons for the #2 fuel 
oil and the tracking of the correlation with D43, the volume mean diameter, is 
much better as mentioned above. 
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Comparison with correlation for #2 Fuel High Flow
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Figure 9. Comparison of #2 Fuel High Flow Data with Correlation 
 
Figure 10. Comparison of #2 Fuel Low Flow Data with Correlation 
 
For the combusting spray, not only the mean diameters but also a measure 
of the largest diameter, could be important. The Malvern data output includes a 
parameters to quantify the latter in a way by the diameter under which 90% of the 
volume is and is designated D [v,0.9]. This diameter is plotted in figures 11 and 
12 below for the two flow conditions and for all the liquids tested. Some obvious 
observations from the data are that a. there is not much difference between these 
liquids for the ‘maximum’ diameter and  
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b. the diameter can be quite high at the high flow (and low air to liquid ratio) 
conditions. These diameters could control final burnout in the combustion 
chamber, as well as be significant for emissions such as soot and NOx, as large 
diameter drops tend to support wake diffusion flames. Of course, in the Capstone 
microturbine, the atomizer spray is modified by the hot air/gas flows through the 
mixing tube and the data obtained here are not in themselves sufficient to present 
the full picture of how the injector performs in the combustor. 
 Digital pictures, still and brief video, were also taken of the sprays in the 
test rig. They can provide some qualitative information on the effect of the 
different fuels on the atomizer performance. For example, figures 13, 14 and 15 
below suggest that that the spray tends to get wider as we go from fuel oil to 
water, which would be consistent with their increasing density. 
 
 
Maximum Diameter at Low Flow
0.000
20.000
40.000
60.000
80.000
100.000
120.000
140.000
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900
Air to Fuel ratio
D
[v
,0
.9
], 
M
ic
ro
ns Water
# 2 Fuel
B 50
B 100
 Figure 11. D[v,0.9] at Low Flow for All Liquids 
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Maximum Diameters at High Flow
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Figure 12. D[v, 0.9] at High Flow for All Liquids  
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Figure 13. Photo of #2 Fuel Oil Spray at the Low Flow Rate 
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Figure 14. Photo of B 100 Spray at Low Flow Rate 
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Figure 15. Photo of Water Spray at Low Flow Rate 
 
Conclusions 
1. As is well known, the air to liquid flow rate ratio has the strongest 
effect on the mean drop sizes of the spray. 
2. The effect of surface tension and viscosity, in the range of the fuels 
tested, on the mean diameters is not very significant. 
3. The Lefebvre correlation, although intended for the Sauter mean 
diameter, seems to track much more closely with the volume mean 
diameter in the data obtained here. This seems to be unlike the 
conclusion in reference 1. 
The maximum diameter, as inferred from the 90% volume data, is quite high at 
the high flow and under low air to liquid ratios. 
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